Abstract-The aim of this study was to investigate the neurophysiological correlates of sustained thermal pain. Spectral changes in the EEG were quantified and correlated with the stimulation status. A reduced synchrony in mu band (8-13 Hz) was found in the contralateral side of the sensorimotor region.
I. INTRODUCTION
Chronic pain is one of the major medical burdens in developed countries. The estimated economic cost in the United States alone is over $150 billion [1] . Functional imaging of brain networks associated with pain processing is of vital importance to aid the development of new pain-relief therapies and to better understand the mechanisms of pain perception. Most of the neuroimaging studies of elicited pain on healthy subjects involve brief stimuli [2, 3] . However brain response to sustained pain may involve coping strategies that are potentially more comparable to a chronic pain condition, which is of great clinical importance. The limited number of studies using prolonged cold stimulation produced conflicting results that were difficult to interpret [4] [5] [6] . The aim of this study was to investigate the effects of sustained thermal pain on the brain activity response measured by scalp EEG on healthy subjects.
II. METHODS

A. Subjects
Two healthy human volunteers were recruited as subjects for the experiment. Neither of the subjects had a history of neurological or psychiatric diseases. The study was approved by the Institutional Review Board of the University of Minnesota and was conducted according to the Declaration of Helsinki. All the pain experienced by the subjects was within their individual tolerance level.
B. Experiment Paradigm
Each subject experienced a sustained painful stimulus using a thermal stimulator (CHEPs, Medoc Ltd, Ramat Yishai, Israel) with the thermode placed on their dorsal side of the left or right wrist (Fig. 1) . Depending on individual tolerance, the temperature of the thermode was kept at a range from 44 to 46 for 30 seconds during the stimulus-on condition. During this session, subjects experienced a sustained painful heat. Then the temperature dropped to and stayed at 32 °C for 60 seconds during the stimulus-off condition. During this session, the thermode remained attached to the subjects. Each trial was repeated 10 times. The thermode was moved slightly after each stimulus to avoid sensitization and habituation on the same stimulation site. EEG signals were collected with a 60-channel system (NeuroscanSynamps 2, Compumedics, Inc,Charlotte,USA).
C. Data Analysis
20 seconds of data during both stimulation-on and stimulation-off were segmented. The middle 20 seconds of the data were selected to avoid any transient effect from sudden heating or cooling. Selected segments were then juxtaposed for further processing. Artifacts were removed from the raw recordings using band-pass filters and a blind source separation method, Independent Component Analysis (ICA) [7] [8] [9] [10] .After removing artifact and noise, the remaining independent components were recombined to obtain noise-free electrophysiological signals. Fast Fourier Transformation (FFT) analysis was performed on all recorded channels.
Percentage power (PP) of mu band (8-13 Hz) was defined as the percentage of power content in the mu band over than entire frequency band (1-125 Hz, sampling frequency = 250 Hz), and denoted as PPa. PPa was calculated for all independent components. Components with PPa higher than the mean value from PPa of all ICs were selected (p<0.05). Source localization was performed on the spatial map of components with high percentage of mu power. Time course of the PPa of those selected components were then used to calculate their Pearson's correlation with the simulation status, i.e. on vs. off or assigned as value 1 vs. -1.
Non-noisy components were recombined to obtain new noise-free EEG. Channels on top of sensorimotor area are used to calculate the absolute mu power contralateral vs. ipsilateral. For contralateral electrodes, mu power during stimulation on vs. off was compared.
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III. RESULTS
Mu rhythm power of components with high sensorimotor mu percentage was found to be negatively correlated with the stimulation state: stimulus-on vs. stimulus-off conditions. The correlation coefficient was -0.60 between the mu rhythm and the stimulation (Fig. 2) .
Frequency analysis was subsequently performed on both contralateral and ipsilateral electrodes in the sensorimotor region. Spatially, three pairs of channels were selected in the sensorimotor region. The mu power in the contralateral area was found to be statistically smaller than that of the ipsilateral brain region during the painful thermal stimulation (p<0.05) (Fig. 3A) . In the temporal aspect, we found that the mu activity at the contralateral sensorimotor electrodes was suppressed during the painful stimulation by comparing to no stimulation condition using the t statistical testing (p<0.05) (Fig. 3B) .
Source localization showed that the activation pattern in the area corresponds to the sensorimotor region of the contralateral side of the brain. Results from the second subject had a similar pattern, and the correlation coefficient between mu power and the stimulation state of this subject was -0.54.
IV. DISCUSSION
Sensorimotor rhythm was found to be counter modulated by sustained painful thermal stimulation, both spatially and temporally.
Modulation of spontaneous rhythmic activities by external stimulation was previously reported. Our results showed that pain stimuli suppressed the contralateral mu rhythm which is consistent with previous neurophysiological studies of innocuous stimuli [11, 12] . The specific finding of contralateral sensorimotor mu rhythm modulation was consistent with studies with transient stimuli that lasted less than 40 ms [2, 3, 13, 14] . However, since sustained stimulation probably evokes pain-coping strategies that have potential clinical implications in chronic pain, we focused on the sustained response instead of transient response. There were earlier works with tonic pain and its effect on spontaneous brain activity but the results were often conflicting and inconclusive, in terms of both frequency range and spatial location that were modulated [4-6, 15, 16] .
In summary, we found that the spontaneous sensorimotor mu rhythm was suppressed on the contralateral side of the sensorimotor region during sustained painful thermal stimulation. Although the current finding is based on the study of sustained pain from external painful stimuli, it may also help to broaden our understanding of cortical response to sustained spontaneous pain by further investigating the brain activity in chronic pain patients.
